UV-Vis spectroscopy, hplc-mass spectrometry and deuterium-labeling studies demonstrate that 4-alkyl-ortho-quinones cleanly rearrange to the isomeric 2-hydroxy-para-quinomethanes over a period of 10-20 minutes in aqueous buffer. These ortho-quinones are much more stable in organic solvents (CD 3 OH, CDCl 3 ). Studies of the rate of rearrangement and of the introduction of pre-formed para-quinomethane to enzyme solution demonstrate that the quinomethanes, formed as secondary products, do not contribute to the inactivation of tyrosinase.
Introduction
Tyrosinase [E.C.1.14.18.1] oxidizes both phenols and catechols to ortho-quinones but the mechanisms of these transformations are different. [1] [2] [3] Oxidation of phenols 1 to ortho-quinones 2 is referred to as cresolase activity and oxidation of catechols 3 to ortho-quinones 2 is referred to as catecholoxidase or catecholase activity (Scheme 1). Other enzymes can catalyse one or other of these processes but only tyrosinase catalyses both reactions. It has been known for many years that tyrosinase undergoes irreversible inactivation during the oxidation of catechols. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] No inactivation is observed during the oxidation of monohydric phenols 1. The rate at which the enzyme becomes inactive depends on the substrate structure. In 1982 Dietler and Lerch 17 showed that inactivation is associated with a 50% loss of the two copper atoms in the active site of tyrosinase. We have recently carried out a substrate-structure investigation of the inactivation of mushroom tyrosinase by catechols and related inactivation by resorcinols. We have proposed that in addition to the normal catecholase oxidation that occurs via the complex 4 (Scheme 2A), a fraction of the catechol substrate presents itself as a cresolase substrate (Scheme 2B). 18 The alternative enzyme substrate complex 5 can undergo deprotonation and reductive elimination leading irreversibly to Cu(0) and inactive tyrosinase. 
Scheme 2
In an early phase of our inactivation studies we investigated a possibility that inactivation of tyrosinase by alkylcatechols might arise from rearrangement products of the initially formed ortho-quinones 6, which we have identified as the quinomethanes 7. This possibility was not unreasonable since several known inhibitors of tyrosinase, including kojic acid 8, mimosine 9 and tropolone 10, are associated with a copper-chelating α-hydroxyketone fragment. 19 In this paper we describe our studies of the rearrangement of 4-alkyl-ortho-quinones and show that, on the basis of kinetic and substrate-enhancement studies, the quinomethanes 7 do not contribute to tyrosinase inactivation. 
Results and Discussion
The reactivity of the ortho-quinone products of tyrosinase oxidation of catechols prompted the suggestion that the inactivation was the result of covalent binding to the enzyme and binding to tyrosinase has been demonstrated using radiolabelled substrates. 20, 21 However, the ortho-quinone product is also generated by oxidation of monohydric phenols and inactivation is not a feature of cresolase activity. Therefore a direct attack by the quinone product does not explain the inactivation of the enzyme.
In the early stages of our investigation of the inactivation of tyrosinase by catechols and resorcinols, we considered the possibility that the inhibitory species was a copper-chelating secondary product formed from the ortho-quinone. When comparing a series of 4-alkylcatechols for their effect on the oxygen utilization stoichiometry during tyrosinase catalyzed oxidation, we obtained spectroscopic evidence of isomerisation of the initial, rapidly formed oxidation product. The results for 4-methylcatechol are shown in Figure 1 , which, after oxidation is complete, has well-defined isosbestic points at λ 350 and 456 nm. The successive scans show decay of the initial ortho-quinone absorption (λ max 400 nm) over a period of ca 10 minutes. We considered that the new product was probably the para-quinomethane 7 (R = H). Using 4-ethylcatechol, an hplc-mass spectrometry study showed the formation of an initial product, which was identified by absorbance (λ max 401 nm) and molecular mass (MH + m/z 137)
. as 4-ethyl-ortho-quinone 11. Over a period of ca 20 minutes, this was converted to a second product that was more polar on hplc but exhibiting an identical mass spectrum. Figure 2 shows the chromatograms after 1 and 90 minutes. Two unidentified minor secondary products were also detected after 90 minutes. A plot of the relative amounts of quinone and product at different times during the oxidation shows the conversion kinetics ( Figure 3 ). Assuming that the product is the quinomethane 12, in positive ion mode using electrospray ionization both molecular ions are protonated giving an identical species 13, and therefore identical spectra for reactant 11 and product 12. In order to provide further unambiguous evidence that the para-quinomethane is the product, we prepared 4-(1',1'-dideuteroethyl)catechol 14. Tyrosinase oxidation of this substrate gave the dideuterated quinone 15 (MH + m/z 139 (C 8 H 6 D 2 O 2 )) which, as expected in accord with Scheme 3, gave a monodeuterated product (MH + m/z 138 (C 8 H 7 DO 2 )) entirely consistent with structure
16.
From the spectroscopic and chromatographic evidence ( Figures 1 and 2 ) it is clear that under the conditions of tyrosinase oxidation (pH 6.75) 4-ethyl-ortho-quinone is cleanly transformed to the isomeric para-quinomethane over a period of ca 20 minutes. Similar behaviour was observed using 4-methyl-and 4-n-propylcatechol as substrates. These results are entirely in accord with earlier studies by Bolton and co-workers who trapped para-quinomethanes as their glutathione adducts and showed that the ortho-quinone rearrangement is base catalyzed. 22, 23 The different .
ortho-quinone and para-quinomethane chromophores observed here are consistent with our earlier findings 2 and those of the Sugumaran group. 
Scheme 3
The well-defined quinone-quinomethane rearrangement in aqueous media contrasts with the behaviour in organic solvents. We oxidized 4-ethylcatechol in (i) CD 3 OH and (ii) CD 3 OH/ CDCl 3 (1:9) solution using one equivalent of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and monitored the mixture using 1 H NMR. In both cases this rapidly gave a clean spectrum of 4- 23 We next investigated whether the significant amounts of para-quinomethane formed as secondary products during the enzymatic oxidation of 4-alkylcatechols contribute to the inactivation of tyrosinase during catechol oxidation. A solution of 4-methylcatechol (0.4 mM) was oxidised by tyrosinase in a spectrophotometer cuvette until oxygen uptake ceased (15 min).
The reaction mixture was centrifuged using a polysulphone filter (10 kD MW cut off). The filtrate, which lacked tyrosinase activity but contained material with the absorbance profile of the para-quinomethane, was assayed by addition of 4-methylcatechol and fresh tyrosinase. The rate of oxidation of the catechol and the total oxygen utilization was the same as a control without any quinomethane present. From this result we conclude that the quinomethane shows no inhibitory activity.
We have also estimated the rate constants (k d ) for the decay (i.e. rearrangement) of the orthoquinones 6 (R = Me, Et, nPr) to the corresponding para-quinomethanes 7. In these experiments the catechol substrate (ca 0.4 mM) was added to the enzyme solution (300 units mL . 18 Thus, the rates of quinomethane formation are too slow to account for the inactivation. In a final experiment to support the conclusion that para-quinomethanes are not responsible for inactivation of tyrosinase we have shown that 4-methoxycatechol causes inactivation (k i 3.1 x 10 -2 s -1 ) even though it cannot form a quinomethane.
Conclusions
In a series of earlier studies we have investigated the enzymatic (phosphate buffer), pulse radiolytic (phosphate buffer) and chemical (organic solvents) oxidation of a range of catechol derivatives, and we have frequently found similar results under the different conditions. 2, 27 Many of these studies have involved intramolecular cyclisations, which are usually very fast. Only . when cyclisation cannot occur or is unfavourable is the much slower rearrangement to a paraquinomethane observed. It is now clear that rearrangement occurs much more readily and cleanly in aqueous media, and even under these conditions para-quinomethane formation is usually too slow to be observed using pulse radiolysis. 28 We have observed rearrangement in organic solvents but these have been in cases where either the quinomethane is particularly stable 29 or
there is an opportunity for intramolecular proton transfer. 30, 31 It is clear that if quinonequinomethane rearrangement is to be used preparatively then an aqueous solvent is highly desirable.
The studies that we have described show that under enzymatic conditions many tyrosinase substrates could form a para-quinomethane as a secondary product, including potentially undesirable metabolites. 32 Our studies show that quinomethane formation does not lead to inhibition of tyrosinase even though these products 7 have similar functionality to the known inhibitors 8-10.
Experimental Section
General Procedures. Melting points were determined using a Kofler hotplate apparatus and are uncorrected. Infrared spectra were recorded on a Philips FTIR PU 9802/25 spectrophotometer with only major absorbances being quoted. 1 H and 13 C NMR (300 and 75 MHz respectively) spectra were recorded at ambient temperatures using a Varian VXR-300 NMR spectrometer with TMS as an internal reference, and were run in deuterated chloroform solution unless otherwise stated. Chemical shifts are quoted in parts per million and the following abbreviations are used: s = singlet; d = doublet; t = triplet; q = quartet; sx = sextet, m = multiplet; br = broad. Separations by column chromatography were carried out using silica gel S (Riedel-deHaen) 0.002-0.063 mm or silica gel (Janssen Chimica) 0.035 -0.07 mm. All solvents were pre-distilled and dried appropriately prior to use. Concentration and evaporation refer to the removal of volatile materials under reduced pressure on a Büchi Rotovapor. 4-Methylcatechol 3 (R = Me) and 4-ethylcatechol 3 (R = Et) were purchased from Aldrich and Johnson Matthey, respectively. 1,2-Dimethoxy-4-n-propylbenzene 33 was demethylated using 48% aq HBr under standard conditions 34, 35 to give 4-n-propylcatechol 3 (R = nPr), mp 58-59 o C (lit. 36 Enzyme studies. A stock solution of the substrate was made up in distilled water and added to 0.1 M phosphate buffer (pH 6.75). Oxidation was initiated by the addition of tyrosinase (ex Agaricus bisporus) and the reaction mixture incubated at 21 o C in a stoppered cuvette of 3.65 mL volume. The progress of the reaction was monitored by oximetry (Clark electrode) and spectrophotometry as previously described. 37 For hplc/mass spectrum studies 100 µL samples were withdrawn and the enzyme precipitated by the addition of trichloroacetic acid (TCA) (10% final concentration). After centrifuging of the sample, the supernatant liquid was injected onto the hplc column. The chromatograms in Figure 2 were generated by incubating the substrate with tyrosinase in the hplc autosampler vial and injecting directly into the hplc without addition of TCA. To separate the quinomethane the final reaction mixture was centrifuged for 15 mins at 5000 x g in a tube containing a polysulphone filter with MW cut off of 10 kD (Watman VectaSpin 3) and the filtrate collected and re-introduced into the test cuvette. Addition of fresh substrate failed to initiate oxygen uptake, demonstrating the absence of enzyme. On enzyme addition the reaction proceeded as normal and the rate and extent of oxygen uptake was the same as the appropriate controls. Rearrangement rates were determined using an enzyme concentration of 300 units mL -1 to ensure that the added substrate was rapidly oxidized and that all the available oxygen was utilized, thus preventing interference from residual oxidation. The rate of decay was estimated from the loss of absorbance at 400 nm.
Hplc studies. Separations were carried out using a Waters 2695 separations module (Waters, Elstree, UK) with a Hichrom RPB, 100 x 3.2 mm hplc column (Hichrom, Reading, UK) maintained at 35 o C. The hplc eluents were: A, 0.1% formic acid; B, methanol, with a gradient of . 10-70% B over 5 min. The flow rate was 1.0 mL min -1 , which was split after diode array detection to give a flow rate of ~200 µL min -1 to the mass spectrometer. The eluent was monitored using a Waters 2996 diode array detector (215-450 nm, 2.4 nm resolution) and a Waters Micromass ZQ mass detector (mass range 110-300 Da) in positive ion mode using electrospray ionization, and using Waters Empower 2 software. The mass detector employed the following conditions: capillary voltage, 2.5 kV; cone voltage, 20 V; source temperature, 120 o C; desolvation temperature, 425 o C; desolvation gas flow, 450 L h -1 ; cone gas flow, 100 L h -1 .
